Introduction
Members of the tumor necrosis factor (TNF) family are critically involved in the regulation of infection, inflammation, autoimmune diseases and tissue homeostasis (Smith et al., 1994; Locksley et al., 2001) . These ligands are type II membrane proteins and can act in a membrane-bound form or as proteolytically processed soluble cytokines in an autocrine, paracrine or endocrine manner (Smith et al., 1994; Locksley et al., 2001) . The TNF receptors (TNFR) are type I membrane proteins (Smith et al., 1994; Locksley et al., 2001) . Ligand-induced oligomerization of the TNFR family members leads to the recruitment of a number of cytosolic proteins to their cytoplasmic domains and result in the activation of NFkB, JNK, and cell death pathways (Baker and Reddy, 1996; Locksley et al., 2001) . In this paper, we characterize the structural and functional properties of a Drosophila ligand of the TNF cytokine family, designated Eiger, and its receptor, designated Wengen.
Results

Eiger is a Drosophila TNF homolog
A Drosophila member of the TNF family was identified in a TBLASTN search of the Drosophila genome using the TNF homology domain of ectodysplasin A2 (EDA-A2) as a bait. The resulting gene encoded an open reading frame of 1245 nt and a predicted protein of 415 amino acids. The sequence analysis of the predicted protein revealed that it encoded a type II membrane protein with a short N-terminal cytoplasmic domain of 36 amino acids, a single transmembrane domain (amino acids 37-59) and long carboxy-terminal extracellular domain (amino acids 60-415) ( Figure 1a ). The extracellular region contained a carboxy-terminal domain with significant sequence homology to other members of the TNF family and a unique aspartate-rich domain in its N-terminal half ( Figure 1b ). As such, this ligand was termed Darth (Drosophila Aspartate-Rich TNF Homolog; GenBank Accession AY11551). Two recent reports on this locus described the isolation of a gene termed Eiger, which resembled Darth Moreno et al., 2002) . Hereafter we have adopted this nomenclature and will refer to Darth as Eiger.
In RT-PCR assays, we ( Figure 1c ) uncovered two isoforms, referred to here as Eiger long (Eiger-L) and Eiger short (Eiger-s). These isoforms differ by five residues (Figure 1a) . Igaki et al. (2002) reported studies exclusively on Eiger-s and Moreno et al. (2002) reported studies on Eiger-L. Using a primer pair that permits a comparative analysis of both transcripts, we found that the relative abundance of Eiger-L and Eiger-s was consistent during each stage that we examined, with Eiger-L predominating by B5-10-fold (Figure 1c ).
Eiger is a differentially glycosylated secreted cytokine
In order to test the possibility that Eiger can be cleaved from the cell surface, we generated an expression construct encoding the full-length Eiger-L cDNA with a carboxy-terminal Flag tag and examined the supernatant and cell pellet for the presence of Eiger using an antibody against the Flag tag. Two bands of B33 and 37 kDa were observed in the supernatant of the cells induced to express Eiger and were absent in all other treatments and controls (Figure 2a ). These results suggested that, like other members of the TNF family, Eiger can be cleaved from the cell surface and secreted into the medium. Computer analysis of the Eiger sequence using the NetNGlyc 1.0 program revealed the presence of three potential N-glycosylation sites at residues N226, 339, and 406, respectively (Figure 1b) . Consistent with this analysis, treatment of affinity purified Eiger with peptide N-glycosidase F (PNGase), which hydrolyzes nearly all types of N-glycan chains from glycoproteins, led to the disappearance of the B33 and 37 kDa bands and appearance of a single, faster migrating band of approximately 30 kDa (Figure 2b) . Furthermore, N-terminal protein sequencing of the two Eiger bands demonstrated that both bands began with the sequence GADYE at the amino termini and thus revealed the existence of a single cleavage site between amino-acid residues 145 and 146 (see Figure 1a ).
Cloning and characterization of the Eiger receptor
We searched the Drosophila genomic database for sequences with homology to the extracellular domain of human TNFR1 and identified a candidate sequence. This sequence encoded a cDNA of 993 nt and was identical to the sequence of a recently isolated Drosophila receptor, designated Wengen . Sequence analysis revealed that the extracellular domain of Wengen contained a single cysteine-rich pseudorepeat with significant homology to other members of the TNFR family (Figure 3a,b) . However, Wengen possessed a unique cytoplasmic domain with no sequence homology to any TNFR family member.
It was reported that Wengen is a type III membrane protein with a single hydrophobic transmembrane domain . However, our sequence analysis revealed that, in addition to the transmembrane Eiger-s during development and in S2 cells. The levels of two Eiger isoforms were examined by RT-PCR from RNA isolated from yw embryos of different stages (0-4, 12-16 and 0-16), first-instar larvae (L1), third-instar larvae (L3), pupa, adults and S2 cells. PCR reactions from Eiger-L and Eiger-s cDNA using the same pair of primers were used as standards Eiger, a Drosophila TNF homolog, and its receptor S Kauppila et al domain between residues 202 and 222, Wengen cDNA also encoded for a hydrophobic stretch of amino acids between residues 54 and 59, which could potentially represent a signal peptide. Such a topology is characteristic of type I membrane proteins, including most mammalian receptors of the TNFR family. In order to determine whether Wengen is a type I or type III membrane protein, we generated several constructs with a Flag epitope tag placed at different locations in the deduced open reading frame. As shown in Figure 4 , construct Wengen-A positions the Flag epitope tag at the N-terminus of the full-length Wengen proteincoding region. The construct designated Wengen-B encoded a murine Igk chain signal peptide followed by the Flag epitope tag and amino acids 14-343 of Wengen. Construct C resembled construct B in topology except that it included the Wengen protein-coding region Eiger, a Drosophila TNF homolog, and its receptor S Kauppila et al downstream of the hydrophobic stretch of amino acids representing the putative signal peptide (i.e. amino-acid residues 60-343). We also generated a construct encoding amino acids 1-318 of human XEDAR fused to the murine Igk chain signal peptide and the Flag epitope. XEDAR is a recently isolated receptor of the TNFR family and a well-characterized type III membrane protein (Yan et al., 2000) . We transfected the above constructs into 293 T cells along with a GFP reporter construct and analysed the expression of the Flag epitope tag on the surface of GFP-expressing cells using FACS analysis. If Wengen corresponds to a type I membrane protein, the epitope tag will be absent from the mature proteins predicted from constructs A and B since it is positioned upstream of the signal peptide cleavage site in these plasmids and, as such, the Flag tag would not be detected on the surface of the cells expressing these constructs (Wengen-A and Wengen-B).
In contrast, the Flag epitope tag will be expected to be expressed on the surface of cells expressing the construct C since, in this construct, the Flag epitope is located downstream of the heterologous signal peptide. As shown in Figure 4 , we did not detect the cell surface expression of the Flag epitope in the case of cells transfected with constructs A and B, but readily detected Flag-positive cells in the construct C transfectants. Hence, the epitope was found on the surface of cells only if it was positioned on the C-terminal side of the predicted Wengen signal peptide. In parallel studies with a known type 1 receptor, we also detected cell surface expression of the Flag tag in the case of cells transfected with the comparable Flag-XEDAR construct. Collectively, the above results lend strong support for the hypothesis that Wengen is a type I membrane protein.
Wengen interacts with DTRAF2
dTRAF2 is a recently isolated Drosophila TRAF homolog which has been shown to activate the dorsal pathways (Liu et al., 1999; Shen et al., 2001) . We tested for an interaction between Flag-tagged Wengen (construct C) and His-tagged dTRAF2 upon transient transfection in 293 T cells. As shown in Figure 5 , dTRAF2 coimmunoprecipitated with Wengen, suggesting that it may be a downstream mediator of Wengen signaling.
Embryonic expression of Eiger and Wengen
To begin a functional characterization of Eiger and Wengen, we examined the embryonic expression patterns of these genes by in situ hybridization. Eiger mRNA was detected in early embryonic stages in a pattern that was highly localized to the dorsal surface of pregastrulating embryos (Figure 6b ). Localization of mRNAs to the dorsal side probably reflects maternally derived transcripts that become positioned during oogenesis and could reflect an important role in early pattern formation. By contrast, expression of Wengen appears to be very low or undetectable in pregastrulating embryos (Figure 6a ). During gastrulation, Wengenpositive cells are detected in the inner layer of embryonic tissue corresponding to presumptive mesoderm (Figure 6c ) while, at the same stage, Eiger expression occurs in the epidermal layer of the embryo and is most Eiger, a Drosophila TNF homolog, and its receptor S Kauppila et al prominent at the surface of dorsal folds that will later form the amnioserosa (Figure 6d ). At germ band extended stages, Wengen transcripts continue to accumulate in the mesodermal segments of the embryo (Figure 6e ) while its ligand, Eiger, is prominent in the adjacent neurogenic region (Figure 6f ). In later-staged embryos (stages 15/16) both Eiger and Wengen are detected in subsets of cells within the condensing nerve cord (Figures 6g and h ).
Eiger is induced by genotoxic stress
Since TNF and its receptors are implicated in some vertebrate models of damage-induced cell death, we tested whether Eiger or Wengen might be responsive during genotoxic stress. Figure 7a shows comparative levels of Eiger and Wengen from microarray studies of embryonic RNAs sampled 90 min after g radiation treatments that provoke apoptosis (Nordstrom et al., 1996) . In three separate trials that sampled two different strains, we found that Eiger RNAs were consistently induced between two-and fourfold while, in these same samples, levels of Wengen transcripts were unchanged. As shown in Figure 7b , we confirmed these findings using RT-PCR methods and also determined that both Eiger-s and Eiger-L isoforms were radiation responsive ( Figure 7b ).
Cell killing by Eiger and Wengen involves caspases and JNK signaling
Using transient transfection assays, we tested Wengen and Eiger for apoptosis induction in Drosophila S2 cells (Figure 8a ). Both the long and short isoforms of Eiger ligand were equally effective at promoting cell death (B40% survival). Similar levels of cell death were provoked by the receptor, Wengen. No overt synergistic effects were detected in cotransfections of Eiger together with Wengen (not shown), but cell death induced by both isoforms of the ligand -as well as the receptorwere partially reversed by caspase inhibitor peptides, zDEVD and zVAD.
To test the hypothesis that Wengen is a receptor for Eiger, we examined the effects of dsRNA-mediated silencing of Wengen upon Eiger-induced cell killing. As shown in Figure 8c and d, silencing of Wengen effectively attenuated cell killing triggered by either of the Eiger isoforms. Moreover, these effects were clearly target specific since dsRNA-mediated silencing of either hid or rpr (shown in Figure 8d ) had no influence upon Eiger-induced cell killing (not shown). As expected, in converse experiments, we found that silencing of Eiger had no influence upon Wengen-induced cell killing. Together, these results support a ligand/receptor relationship for Eiger and Wengen.
Since the JNK phosophatase Puckered is an effective suppressor of Eiger-dependent phenotypes in the animal , we examined the effects of forced puckered expression in cultured cells. This phosphatase clearly protected against cell killing via the Eiger/ Wengen axis (Figure 8b ). In these assays, Puckered had pronounced suppressive effects upon killing by Wengen and the short isoform of Eiger and significantbut less potent effects -against the long Eiger isoform. These effects were specific for Eiger/Wengen signaling since, in parallel assays, we found that puckered had no effect upon levels of cell killing elicited by grim or rpr (S Kauppila, P Chen and J Abrams, unpublished observations).
Discussion
TNF family ligands and receptors have been so far described in zebrafish, birds and mammals (Aravind et al., 2001) . The isolation of these molecules from Drosophila suggests that this superfamily arose early during evolution, predating the divergence between vertebrates and invertebrates. However, unlike mammals in which more than 20 different TNF/TNFR-like The level of Eiger in X-ray-treated (X) and control (c) embryos were examined by RT-PCR using one pair of primers that cross the alternative splicing site (top gel), or an indiscriminate pair of primers that spans most of the ORF (middle gel). Rp49 was used as internal control for RT-PCR reactions Eiger, a Drosophila TNF homolog, and its receptor S Kauppila et al molecules have been described, there is only a single ligand and receptor of this family in Drosophila, hinting at a more recent expansion of this family (Aravind et al., 2001; Igaki et al., 2002; Moreno et al., 2002) . Eiger is proteolytically cleaved and released into medium as a soluble mature form. Cleavage from the membrane-bound form is expected to increase the range over which the ligand can be active. In addition, the membrane-bound and soluble ligands may have distinct functional activities, as suggested by studies with mammalian TNF and lymphotoxin (Fu and Chaplin, 1999) . Cleavage of TNF in mammals is accomplished by TNF-alpha converting enzyme (TACE), a cis-acting membrane-associated metalloprotease (Blobel, 1997) . Interestingly, a gene with homology to TACE is present in the Drosophila genome as well and it remains to be seen whether it regulates the processing of Eiger.
Each of the two recently published studies on Eiger find only a single isoform, each of which differ by five amino-acid residues Moreno et al., 2002) . In this report, we have clarified that both isoforms are authentic and expressed at the mRNA level. However, we have so far failed to discover any differential expression of these two isoforms during embryogenesis or following genotoxic stress. In addition, using the assays undertaken, we have not found any overt difference in killing activity conferred by the two isoforms. However, the above results are not surprising since the difference between the two isoforms of Eiger is located outside the TNF homology domain, which is usually the main determinant of receptor binding.
Unlike mammalian TNF family receptors, only a single cysteine-rich domain is present in Wengen. It is conceivable that multiple copies of cysteine-rich domains contribute to increase in affinity and/or specificity of receptor-ligand interaction. Consistent with the above hypothesis, we have not observed significant physical interactions between soluble Eiger and Wengen (not shown).
The in vivo roles of Eiger and its receptor during development await further characterization but the expression patterns, particularly for the ligand Eiger, raise intriguing possibilities. Eiger is highly localized to a narrow stripe along the dorsal surface of pregastrulating embryos at a time coincident with specification of ventral cell fates via the Toll/Dorsal pathway. Few precedents exist for this unusual transcript distribution. One such precedent, zen, is localized to the dorsal surface as a consequence of repression by dorsal proteins and, in a recent genome-wide analysis, the Figure 8 Ectopic expression of Wengen and Eiger induce cell death in Drosophila S2 cells. After conditional expression of the indicated proteins for 18 h, cells were assayed for survival in the presence of caspase inhibitors (a), pMT-puckered (b) or various dsRNAs (c) as described in detail in Materials and methods. For cell death assays, cells were cotransfected with pActin-LacZ and either pMT-Wengen or pMT-Eiger-L or pMT-Eiger-s. Transient transfections with grim and empty mTal vectors were used as positive and negative controls, respectively. The data represent at least three independent experiments. (a) Expression of Wengen and both forms of Eiger resulted in equally potent cell-killing activity that could be partially reduced by caspase inhibitors (z-DEVD-fmk and z-VAD-fmk). (b) Drosophila TNF killing activity is JNK dependent. Coexpression of Puckered, JNK-phosphatase, reversed cell killing induced by ectopic expression of both forms of Eiger and Wengen. (c) Cell death induced by Eiger, is partially dependent on the Wengen receptor since cell death in Eiger-expressing cells was specifically attenuated by RNA interference targeting Wengen. Note that killing by Wengen could not be reversed by Eiger RNAi. Also, treatment with rpr, hid, sickle and grim dsRNAs had no significant effect on either Eiger-or Wenger-induced cell death (not shown). RNAi silencing was checked by RT-PCR (d) with primers outside the region used to generate dsRNA. RP49 was used as a control in the PCR reactions Eiger locus was also identified as dorsal target Stathopoulos et al., 2002) . Together with the fact that Eiger can be cleaved to form a soluble ligand, these observations raise the possibility that Eiger may function during early embryonic patterning along the dorsal ventral axis and/or in the specification of dorsal structures such as the amnioserosa. In subsequent embryonic stages, Eiger and Wengen are expressed in nonoverlapping but neighboring tissues. For example, in germ-band-extended embryos, Wengen is expressed in mesodermal tissues, while Eiger is expressed in the adjacent neurogenic ectoderm. Hence, it is possible that TNF-like signaling occurs among these tissues as they develop in the embryo.
Both Eiger and Wengen triggered cell death which could be blocked by Puckered, an inhibitor of the Drosophila JNK pathway. These results confirm earlier reports from Igaki et al. (2002) and Moreno et al., (2002) who also demonstrated a requirement for JNK signaling. Interestingly, we recently described a mammalian TNFR family member which also lacks a death domain, TAJ, that similarly activates the JNK pathway and promotes cell death (Eby et al., 2000) . Thus, it seems plausible that Wengen and TAJ could share evolutionarily conserved mechanisms to trigger cell death. However, unlike TAJ, Eiger-and Wengeninduced cell death was partially blocked by caspase inhibitors. Further characterization of Eiger-/Wengeninduced cell death may shed light on this novel evolutionary conserved pathway of apoptosis and open up new therapeutic opportunities for the treatment of cancer.
Materials and methods
Identification and isolation of cDNAs encoding Eiger and its receptor
Eiger was identified by sequence comparison searching of the Drosophila genome public database using the TBLASTN program (NCBI-NIH) and using the TNF homology domain of human ectodysplasin-A2 as a bait. Essentially, a similar procedure was used to identify the Eiger receptor except that the extracellular domain of human TNFR1 was used as a bait.
A full-length Eiger-L cDNA clone was isolated by RT-PCR using total RNA isolated from Drosophila embryos and cloned in a modified pcDNA3 vector (Invitrogen) containing a COOH-terminal Flag tag. The Eiger-L cDNA along with the Flag tag was subsequently subcloned into pMTal vector (pRmHa.3) (Bunch et al., 1988) , a metallothionein promoterdriven Drosophila expression vector.
The primers used to follow the expression levels of Eiger-L and Eiger-s by RT-PCR are 5 0 -ACCACCGTCGCAGAATG-CATT-3 0 and 5 0 -TGCTGGCCTCGAGTCCTCGGAT-3 0 . Primer pair 5 0 -GACGACGTTAGCTATAGCTCTGTGGA-3 0 and 5 0 -TTACACCTTGAAGATGCCAAAGTAGCTTCG-3 0 was also used in RT-PCR reactions to determine Eiger mRNA level. The collection and radiation treatment of Drosophila embryos were performed as in Nordstrom et al. (1996) . The full-length Wengen gene was amplified from Drosophila embryo cDNA using a forward primer flanked by BamHI site (5 0 -CGC GGGATCCCATGCGTA GTCGGAGCAGCAG-CAG 3 0 ) and a reverse primer flanked by XhoI site (5 0 -CGCGCTCGAGTCAGCCCTTCAGGCCGGAACAGCC3 0 ). After restriction digestion with BamHI and XhoI enzymes, the resulting fragment was cloned into pcDNA3 vector (Invitrogen). A mammalian expression construct encoding N-terminal Flag epitope-tagged full-length Wengen (construct A) was constructed by amplifying the amino acids 2-343 of Wengen using custom primers and the amplified product was cloned inframe in the pCMVTag1 (Stratagene, La Jolla, CA, USA) containing an N-terminal Flag tag. For Wengen constructs B and C, cDNA fragments encoding amino acids 14-343 and 60-343, respectively, of Wengen were amplified using custom primers and the amplified products were subsequently cloned in a modified pSecTag A vector (Invitrogen) carrying a Flag epitope tag downstream of the murine Igk signal peptide. The construct encoding Flag-XEDAR has been described previously (Sinha et al., 2002) .
Protein sequencing
N-terminal sequencing of Eiger bands was performed by automated Edman degradation using an ABI 120A gas-phase sequencer coupled to an ABI120A analyzer equipped with a phenylthiohydantion C18 2.1 Â 250 m column. Data were analysed using ABI 610 software.
In situ hybridizations
Wild-type (y,w) Drosophila embryos were collected and fixed for in situ hybridization as described previously (Chen et al., 1998) . The specific digoxigenin (Roche)-labeled singlestranded antisense probes for Eiger and Wengen were prepared using standard PCR. In situ hybridizations were carried out according to previously published procedures (Lehmann and Tautz, 1994) .
Cell death assay
For cell death assays, cells (1 Â 10 6 cells/well) were cotransfected at a 10 : 1 ratio of test plasmid (2-3 mg) to actin-LacZ reporter (0.2-0. 3 mg). Cotransfections of eiger or wengen constructs with puckered was carried out at a ratio of 2 : 3 or 3 : 2. After 48 h, cells were equally split into two populations, one of which was treated overnight with 0.7 mm CuSO 4 . Where indicated, 50 mm zVAD-fmk (Alexis) or zDEVD-fmk (Calbiochem) was added to cultures immediately before addition of CuSO 4 . After fixation with 3% of paraformaldehyde, cells were stained with X-gal. Cell survival was measured as the percentage of LacZ-positive cells in CuSO 4 -treated cells, relative to the per cent of LacZ-positive cells in untreated cells. The results, derived from at least three different independent experiments, are shown as average percentages7s.d.
DsRNA synthesis
Total RNA isolated (Roche) from S2 cells was used in RT-PCR reaction (Invitrogen) to generate 500-700 bp cDNA fragments of eiger and wengen. Each primer used in PCR contained a T7 polymerase binding site followed by sequences specific for the targeted gene, which is available from the authors upon request. The gel-purified PCR products were used as templates to generate dsRNAs using the MEGA-SCRIPT T7 transcription kit (Ambion). The dsRNA products were ethanol precipitated, resuspended and annealed in DEPC-treated water, and RNA quality was analysed on agarose gel.
Conditions for rnai in drosophila s2 cell culture S2 cells (1 Â 10 6 ) were plated on six-well plates and simultaneously 15-20 mg of dsRNA was added in 1 ml of serum-free, antibiotic-free CCM3 media (HyClone). Cells were incubated for 1 h followed by the addition of 1.5 ml penicillin-streptomycin-supplemented CCM3 media. The next day, cells were transfected as described above and 2 days later, at the time when cells were split for copper treatment, 10 mg of same dsRNA was added.
